Abstract: Cell-tracking method has an important role in detection of metastatic circulating tumor cells (CTCs) and cell-based therapies. Label-free imaging techniques are desirable for cell-tracking because they enable long time observations without photobleaching in living cells or tissues where labeling is not always possible. Photoacoustic microscopy is a label-free imaging technique that o ers rich contrast based on non uorescent cellular optical absorption associated with intrinsic chromophores and pigments. We show here that photoacoustic imaging is feasible for detecting very low numbers (× 10 ) of melanoma cells without labeling because of the strong instinct optical absorption of melanin in near-infrared wavelength. Flowing melanoma cells are imaged with micrometerresolution (40 µm) and penetration depths of centimeters (13 mm) in real-time. Photoacoustic imaging as a new cell-tracking method provides a novel modality for cancer screening and o ers insights into the underlying biological process of cancer growth and metastasis and cell therapy.
Introduction
The ability to follow the distribution and migration of cells in living organisms is crucial for both the development of metastatic circulating tumor cells (CTCs) detection and cell-based therapies [1, 2] . Several technologies exist that are able to noninvasively track cells in vivo, each with its own advantages and disadvantages in terms of cell tracking performance. MRI is unique in that three-dimensional, high resolution images can be acquired regardless of tissue depth without the use of ionizing radiation [3] . However, the shortcomings of MRI are that it is not sensitive enough to visualize a small number of cells, requires expensive equipment, and o ers relatively low imaging speeds. PET and SPECT modalities are more sensitive, but rely on the detection of radioactive decay. The probes and detection methods raise important safety considerations to the patient and potentially interfere with cellular therapy [4] . Optical methods show great promise in small animal experiments; however, the imaging penetration depth is limited by the low tissue penetration of light [1] . Furthermore, optical orescence imaging relies on the use of uorescent labels or dyes, which may be toxic or perturbative to cells, and are subject to photobleaching. It is therefore di cult to use them for studying long-term biological dynamics within living cells. Non-invasive label-free imaging techniques are desirable because they allow for long time observations in living cells or tissues where labeling is not always possible [5] .
Photoacoustic microscopy (PAM) is a label-free imaging technique that o ers rich contrast based on optical absorptions of the endogenous chromophores (e.g., hemoglobin or melanin), and provides higher spatial resolution in deeper tissue compared with most optical modalities [6] [7] [8] [9] . Historically, label-free PAM has been successfully applied to in vivo imaging of hemoglobin and melanin, two major sources of endogenous optical absorption in biological tissue in the visible spectral range. Recently, additional photoacoustic contrast mechanisms have been demonstrated by exciting myoglobin [10] and bilirubin [11] with visible illumination, DNA and RNA in nuclei [12] with ultraviolet (UV) illumination, and water [13] and lipid [14] with near-infrared illumination. In fact, PAM can potentially image any molecule that has su cient absorption at speci c wavelengths without uorescent label [15] . Unfortunately, long scan times are presently required in high resolution PAM [8, 16] Here we present a high-frequency (40 MHz central frequency) PAM system capable of dynamically tracking the melanoma cells with high spatial resolution. We show that photoacoustic imaging is feasible for detecting very low numbers (× 10 ) of melanoma cells without labeling. Flowing melanoma cells are imaged with micrometerresolution (40 µm) and centimeter-penetration depth (13 mm) in real-time. 
Methods and Materials . Combined photoacoustic and ultrasound (PA/US) imaging
Photoacoustic and ultrasound images were taken using Visual Sonics Vevo LAZR Photoacoustics Imaging System (FUJIFILM Visualsonics, Inc.; Toronto, Canada). A tunable (680-970 nm) OPO laser beam pumped by Nd:YAG laser delivers < 10 ns duration pulses (OPOTEK Inc., Carlsbad, CA, USA) through an optical ber bundle to the phantom with repetition frequency of 20 Hz. The ber bundle was combined with the ultrasound transducer and aligned such that the transmitted light was focused at the focal point of the transducer. A high frequency linear array transducer centered at 40 MHz ((22-to 55-MHz imaging band) was used to record the photoacoustic signal and pulse-echo ultrasound signal. As Fig. 1 illustrates, when a melanoma cell passes through the laser focal zone, a time sequence of photoacoustic pulses is generated. The trigger signal from the laser system was synchronized with ultrasound imaging system to capture the photoacoustic signal upon laser irradiation. PA and US images were reconstructed from the acquired data. Combined ultrasound and photoacoustic images were created by overlaying photoacoustic intensities higher than a user-de ned threshold on the grayscale ultrasound images. The system supports real-time B-mode imaging with spatial resolution down to 40 µm [17] .
. Tissue mimicking phantom experiments with melanoma cell inclusions
Accurate quanti cation of cells with high sensitivity is one of the essential requirements for e ective cell tracking methods. Additionally, the ability to track cells at depth in tissue is highly desirable. To evaluate the sensitivity and depth-performance of photoacoustic imaging, an in vitro experiment using a tissue mimicking gelatin phantom was performed. 
Results

. Quanti cation of the cell detection sensitivity
For the cell detection sensitivity experiment, the melanoma B16F10 cells were located at 10 mm underneath the surface of gel phantoms. Figure 2a shows the ultrasound (top), photoacoustic (middle), and US/PA (bottom) images of the tissue mimicking phantom with inclusions containing melanoma cells at a wavelength of 750 nm. Photoacoustic signals were detected from di erent concentrations of the melanoma cells in the inclusions, because the melanin in the melanoma cells has a strong optical absorption in this laser wavelength. Furthermore, the quantitative analysis of the photoacoustic signal amplitudes measured from the inclusions, using a laser uence of 5.0 mJ/cm , is shown in Figure 2b . The results indicate that the amplitude of the photoacoustic signal is proporBrought to you by | Stanford University Authenticated Download Date | 10/13/14 5:51 PM tional to the concentration of the melanoma cells. The results also indicate that with a uence of 5.0 mJ/cm , a photoacoustic signal can be detected for a concentration of melanoma cells as low as 2.5 × 10 cells/µL, which corresponds to 2.5 × 10 cells in 10 µL. The sensitivity can be improved by increasing the pulsed laser energy under the ANSI safety limit. Therefore, the photoacoustic imaging method can quantify melanoma cell concentrations with greater sensitivity than MRI based cell-tracking methods [3] . 
. Imaging penetration depth
To evaluate the imaging penetration depth of photoacoustic imaging for cell tracking, the cell inclusion was imaged at di erent depths embedded inside a gel phantom from 5 -13 mm deep. Figure 3 shows the 2-D reconstructed PA (Fig 3a) and US (Fig 3b) image at 810 nm laser wavelength of the melanoma cells in the phantom. These results show that the melanoma cells at the depth of 13 mm inside the phantom can be easily resolved. The image depth can be increased by using a low frequency transducer (13 -24 MHz) up to 30 mm. 
. Tracking melanoma cells in real-time
Discussion
In summary, we developed a noninvasive cell-tracking method with a label-free photoacoustic imaging technique. The PAM is demonstrated to be sensitive for monitoring very low numbers (× 10 ) of melanoma cells without labeling. Moreover, by using a high-frequency ultrasound array transducer, we can visualize cells in real time with very high resolution. Photoacoustic imaging provides a new method for cancer screening and may o er insight into the underlying biological processes involved in cell therapy including cell survival, migration, homing, engraftment, di erentiation, and functions.
The unique advantage of photoacoustic cell-tracking is the possibility of detecting cells without labeling by using the high photoacoustic contrast of pigmented melanoma cells above the background signal of blood [19, 20] . Since photoacoustic methods can provide information on non uorescent cellular absorption associated with intrinsic chromophores and pigments, this method can be extended to track any of the molecules inside the body with a speci c wavelength in the range of their strong optical absorption (e.g., cytochromes, hemoglobin, carotenoids, melanin, DNA/RNA, water, or lipids). Therefore, cellular PAM may pave the way for many investigators and clinicians to obtain a more in-depth view of the underlying bio-dynamics of cellular treatment modalities. Better, faster, and higher-resolution PAM is on the horizon, and they will play an important role in cell tracking, gene expression, and tumor biology. The advances made in just the past few years have been remarkable, and there is no doubt that continued e orts will result in innovative imaging technologies for both animals and humans. We believe that PAM will accelerate the application of cell therapy in both preclinical and clinical studies.
